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ABSTRACT The number of elderly populations is rapidly increasing. Majority of elderly people face
difficulties while walking because the muscular activity or other gait-related parameters start to deteriorate
with aging. Therefore, the quality of life among them can be suffered. To make their life more comfortable,
service providing robotic solutions in terms of wearable powered exoskeletons should be realized. Assistive
powered exoskeletons are capable of providing additional torque to support various activities, such as
walking, sit to stand, and stand to sit motions to subjects withmobility impairments. Specifically, the powered
exoskeletons try to maintain and keep subjects’ limbs on the specified motion trajectory. The state of the art
of currently available lower limb assistive exoskeletons for weak and elderly people is presented in this
paper. The technology employed in the assistive devices, such as actuation and power supply types, control
strategies, their functional abilities, and the mechanism design, is thoroughly described. The outcome of
studied literature reveals that there is still much work to be done in the improvement of assistive exoskeletons
in terms of their technological aspects, such as choosing proper and effective control methods, developing
user friendly interfaces, and decreasing the costs of device to make it more affordable, meanwhile ensuring
safe interaction for the end-users.
INDEX TERMS Lower limb assistance, actuation, exoskeleton, wearable robots, mechanism design, elderly.
I. INTRODUCTION
Beginning from the late of the 20th century when the vast
research has started developing robotic systems to increase
physical capabilities or to rehabilitate patients, people started
to use expression ‘‘wearable robotics’’ [1]. Based on the des-
ignation of wearable robotic exoskeletons, they are designed
towards assisting people with gait abnormalities in their
locomotion, increasing physical capabilities of people to
allow them carry or lift heavy loads, and rehabilitate patients
after surgery or patients suffering from various neurological
disorders which causes gait impairments to some extent.
Moreover, exoskeletons may also come in handy in assisting
people with motor impairments in their limbs performing
their daily activities, such as walking, standing, sitting and
lifting various objects. Until now, majority of research is
concentrated on developing rehabilitation exoskeletons for
The associate editor coordinating the review of this manuscript and
approving it for publication was Hui Xie.
stroke survivors, individuals with spinal cord injuries (SCI)
and military personnel to augment their combat capabilities
and increase their mobility.
Nowadays, the elderly population is rapidly increasing [2].
It is estimated that the number of people who were older
than 65 years old in 1996 was more than 300 million and
by 2010 the population has increased up to 440 million and
now it is predicted that the number of elderly population will
reach 1.5 billion by 2050 [2], [3]. Since the locomotion capa-
bility among elderly people declines, it causes them various
inconveniences in their everyday life. In addition, restricted
locomotion may also have negative effects on the mental and
emotional constituents of a person. Therefore in order to help
elderly people maintaining good quality lifestyle, there is a
need to develop robotic assistive exoskeletons [4]. According
to Paterson unrestricted locomotion is a major thing which
allows person to stay at home independently [5]. When the
crutches and walkers are not enough to support walking of
people with gait impairments, wheelchairs are considered to
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be one of the safest tools to move around. However, because
aged people usually have weak health condition, the usage
of wheelchairs for them is difficult process, therefore they
are not able to perform usual daily activities [4]. In addition,
if person spends much time sitting on wheelchair, the mus-
cular inactivity may bring negative consequences and worsen
general health condition. Another risky case that elderly face
during walking is falling down. Around half of the falls occur
due to the problems with locomotion [6]. It was reported
in the work done by Moylan and Binder that one third of
people older than 65 years old have fallen down at least once
a year [7]. There is a highly increasing trend of falls’ occur-
rence as the person gets older. Every year around 3 million of
elderly are accepted in hospitals due to fall injuries [8]. Falls’
after effects are different and mostly negative [7]–[9]. One of
the most spread consequences after fall are bone fracturing
either on upper limb, lower limb or both, injuries and trauma
to head. Moreover, it is explored that falls cause around
9 timesmore deaths among elderly rather than car crashes [6].
Therefore, taking into consideration that falls among elderly
is dangerous, new innovative solutions have to be introduced
to reduce the risk of falls. People who are moving around
home easily and do not have any locomotion problems can
maintain comfortable lifestyle. Exoskeletons can be useful
tools to allow and assist elderly in moving around freely
and easily and perform daily activities without facing any
physical difficulties, which also might have positive impact
on society in general.
Extensive research is being done towards developing assis-
tive robot-based solutions which will have positive impact
on health care services. Recent review papers on lower-limb
wearable exoskeletons have generally covered and classified
all types of exoskeletons based on their use either medical
or non-medical, discussed their performance, type of user
interfaces and their disadvantages [10]–[12].
The aim of the current paper is to present the state of
the art of existing exoskeletons for lower limb which can
be used by elderly people. The mechanism design, sensors,
actuation and control types and other describing key features
of exoskeletons are described.
II. LOWER LIMB BIOMECHANICS AND
WALKING OF ELDERLY
It is crucial to study and understand the biomechanics
of lower limb part in order to develop and construct
robot-based gait exoskeleton. Sufficient study and descrip-
tion of lower limb biomechanics have been done in the
literature [13]–[16].
In general, lower limb consists of three main regions,
they are hip, knee and ankle. Hip movement is described
with spherical joint which has 3 Degrees of freedom (DoFs)
consisting of flexion and extension, abduction and adduction,
and internal and external rotational movements. The knee
joint has one DoF for flexion and extension and the ankle
joint allows 3 DoFs. In overall, there are around 30 bones
that compose lower limb. The major ones are femur, patella,
FIGURE 1. Lower limb bones with kinematic chain. The hip movement is
described with spherical joint of 3 DOF, knee movement by rotational
Joint with 1 DOF allowing flexion and extension. Adapted from OpenStax,
2013 [17].
tibia, fibula tarsal bones, metatarsal bones, and phalanges as
depicted in figure 1.
The range of motions (ROM) of lower limb start to alter
with ageing and the gait performance of people is also
degraded. It causes instability in walking and increases the
risks of falls [18]–[20]. In the work done by Zhou, com-
parison of the lower limb motions of elderly and younger
group of population has been made during kneeling activity.
The results revealed that elderly apply higher hip flexion
angles in comparison to the younger group, however there
is no much difference has been found on ankle and knee
joints’ movement [21]. During walking and running condi-
tions, it was revealed that toe clearance among elderly is
lowered in comparison to young adults, moreover there are
differences in kinematic characteristics of knee and kinetic
parameters of hip and ankle movements [22], [23].
III. ASSISTIVE LOWER LIMB EXOSKELETONS
Usually, elderly people experience motor deficits in their
lower limbs’ performance, therefore the control over their
legs become a challenging process. The probability of fall
occurrence is increasing as the degree of abnormality in
walking performance enlarges. In general, elderly use var-
ious passive supporting devices such as crutches to assist
them in balancing, walking, sit to stand and stand to sit
activities. However, one of the main drawbacks of crutches’
usage is that it requires involvement of healthy upper limbs
which has to take control over the crutches’ manipulation.
Robotic exoskeletons are able to provide assistance during
walking by exerting additional forces and torques to com-
pensate the muscles’ inactivity in the weak parts of the
lower limbs. Assistive exoskeletons are designed and con-
structed such that they can keep motions of joints or limbs
of subjects within correct predefined trajectory. One of the
examples of assistive exoskeleton named ‘‘AUTONOMYO’’
shown in figure 2 (a) is presented in the work done by
Ortlieb et al. [24]. It has 6 DoFs which is dedicated for
elderly people and people suffering from neuromuscular
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diseases and multiple sclerosis. Exoskeleton provides com-
pensational forces and complementary torques using elec-
tromagnetic actuation located on the back side of the user,
which makes the system have ergonomic design. The hip
flexion and extension activities are performed with the use
of cable driven methodology. The ball-screw provides the
hip abduction and adduction motions. The estimated level of
assistance of ‘‘AUTONOMYO’’ exoskeleton for sit to stand
activities was varying from 50-100%.
FIGURE 2. (a) AUTONOMYO [28]. (b) XoSOFT EU project [25]. (c) Auto-LEE
schematics [26]. (d) BioComEx [27].
The results for assistance level of 13% in the hip movement
and compensational 7% have been achieved by the lower
limb exoskeleton in [25]. This wearable exoskeleton depicted
in figure 2 (b) with modular actuation was designed to pro-
vide physical assistance to elderly persons during walking.
The contribution of the related work lies in the inclusion
of quasi-passive elements into the system. Another recent
assistive exoskeleton called Auto-LEE on figure 2 (c) has
been presented in the work [26]. In comparison to previ-
ously developed devices, this exoskeleton has 10 DoFs which
higher from usual ones. In addition, it applies direct current
motors to actuate each joint separately. Also, the system
has integrated the human-robot interface. With the integrated
interface and the modular structure, the proposed exoskeleton
provides variety of control methods such as electroencephalo-
graph (EEG) and the joystick to manipulate the system. The
exoskeleton called ‘‘BioComEx’’ described in the work by
Baser et al. represented in figure 2 (d), assists walking of
people with paralyzed limbs or healthy people by reducing
the load [27]. Basically, it applies series elastic type of actu-
ation for the knee and hip joints, however for the ankle joint
variable stiffness actuator has been employed. Using the force
sensors on each segment of the limb, closed loop type of
control has been achieved. Since the robot can be used for
rehabilitation and reducing the load for healthy people, it will
also be beneficial for elderly people with lower limb motor
impairments.
Assistive wearable robot based exosuits compensate deficit
of lower limb muscles by providing additional torques to
enable full and correct locomotion of elderly people or
patients experiencing gait disorders. Moreover, they can help
in performing usual daily activities such as standing and
sitting similar to healthy people’s performance [29], [30].
Active Assisted Living (AAL) program running in Europe
is aimed at making quality of life for elderly better [31].
Therefore, one of its project has developed device which can
assist elderly people during their daily life activities named
Exo-legs [32]. The exoskeleton assists elderly in sit to stand
movements, assures straight locomotion and provides stable
standing. It provides up to 30% of power for assisting the
person. Company called Superflex is developing assistive
soft exoskeletons dedicated to the elderly group of people.
The objective of the company is to develop so called ‘‘pow-
ered clothing’’ (figure 3) which will have onboard electric
muscles to support hip and knee motions during sit to stand
activities [33], [34].
FIGURE 3. Powered clothing concept (Superflex) [35].
Another assistive robotic device named active pelvis ortho-
sis (i.e. exoskeleton) (APO) shown in figure 4 (a) was
designed to assist people in locomotion by guiding the hip
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FIGURE 4. (a) Active pelvis orthosis (APO) [37]. (b) EXPOS (Sogang
University) [39]. (c) HAL-3 [40]. (d) Exoskeleton [41].
flexion and extension motions, which was proposed in the
work [36]. The orthosis is worn at the waist. Device weighs
around 5 kg which is not much. Sensors installed onboard
detect when the balance is lost and automatically turns on
‘‘assistive mode’’. The system is also able to detect and coun-
teract against slippage. This type of mode will enable people
to avoid falls and keep balance during walking. Moreover,
APO performance has been quantified and the results demon-
strated that less energy is spent while using the exoskeleton
duringwalking conditions [37]. The ergonomic assessment of
APO and human interaction has been proved to be effective
and reliable [38]. Today APO can be considered to be the
best existing robotic device intended for the elderly group of
people.
Assistive system which consists of exoskeleton and caster
walker with 4 active joints for elderly locomotion assistance
has been proposed by Sogang University named EXPOS
(Figure 4 (b) [39]. The purpose of the research was to make
light weight system which has lower volume to enable com-
fortable use of it during daily life activities. The total weight
of the exoskeleton does not exceed 3 kg. All the heavy parts
such as motor, battery and controllers are placed in the castler
walker.
Wearable exoskeleton named Hybrid Assistive Limb
(HAL-3) exoskeleton has been proposed by Tsukuba Uni-
versity and Cyberdyne in Japan shown in figure 4 (c) [40].
The main purpose of the device was to assist elderly in
locomotion. Assistive torque in hip and knee joints is gen-
erated with the help of DC motor. The system has various
sensors onboard such as force sensor, EMG to monitor the
muscle contractions and measure reaction forces from the
foot’s sole. The device is certified and is also being used as
a medical device and has been tested and reported in several
research works [42], [46]. Besides assistive purposes there
are also other models of HAL which can be useful in the
case when person has to receive rehabilitation of the lower
limbs. However, this device is not cheap and therefore not
many people can afford it. Additional information regarding
HAL exoskeleton is presented in the table 1.
Exoskeleton by Ikehara is actuated using hybrid actuation
in the hip and knee joints depicted in figure 4 (d) has been
built with the use of worm gear and flexible shaft. Its purpose
is to help elderly people who do not have symmetrical leg
length which causes unstable walking [41].
One more example of exoskeleton which provides assis-
tive torque in walking has been developed for enhancing
the walking performance of disabled and elderly people is
called Wearable Walking Helper (WWH) [47]. Numerous
experiments have been conducted to test the feasibility of the
given exoskeleton, the results demonstrated that the heart rate
of subjects has been reduced while using the exoskeleton in
stair ascending/descending experimental procedures.
Exoskeleton presented in the work done by Chen et al.,
Walking Power Assist Leg (WPAL) can also help old people
normalize their walking and assist patients suffering from
SCI [48]. Clinical evaluation of WPAL demonstrated the
benefits of patients from using the device and the feasibility
of its use among them has been proved [49].
ReWalk demonstrated in figure 5 (a) is considered to be one
of the old andwell knownwearable robotic exoskeletons [50].
It is designed to train and rehabilitate the hip and knee joints
for individuals having SCI, it also allows subject to stand,
walk, turn around and go up on stairs [30]. More informa-
tion about ReWalk is shown in table 1. Nowadays, ReWalk
Robotics Incorporation has two rehabilitation systems, one is
ReWalk and another is ReStore shown in figure 5 (b) [51].
The objective of ReStore exosuit is to train and rehabili-
tate the performance of lower limbs of post-stroke patients.
There were some clinical trials conducted with ReWalk in
the works [30], [50], [52]. It was revealed that ReWalk has
some drawbacks in the difficulty of using wrist control, since
the system is quite complicated. Besides its rehabilitation
purpose, ReWalk may also assist walking of elderly people,
however, it is very bulky to be used in their daily life activities.
Lower limb exoskeletons which are developed to increase
the physical capabilities can be also applied in order to aug-
ment physical capabilities of weak people such as elderly.
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TABLE 1. Existing lower limb exoskeletons for rehabilitation and assistive purposes.
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TABLE 1. (Continued.) Existing lower limb exoskeletons for rehabilitation and assistive purposes.
FIGURE 5. (a) ReWalk [50]. (b ) ReStore [51].
Basically, exoskeletons developed for the augmentation of
strength can increase the endurance during walking, allow
people to perform various hard tasks which usually person
without exoskeleton cannot perform. The reason why force
augmentation robotic exoskeletons are also considered in this
work is because they are capable of providing additional
forces for the users which may be beneficial for elderly, very
bulky and large exoskeletons which are difficult to wear were
not considered.
One of the famous and popular exoskeletons intended
to augment physical capabilities have been developed by
Defense Advanced Research Projects Agency (DARPA)
in the U.S. The objective of the agency is to augment
the strength among people to exceed usual human’s one.
Exoskeletons developed byDARPA includeBLEEX [53]–[55],
Human Universal Load Carrier, ExoHiker, and Exo-
Climber [56]. Another popular exoskeleton called Human
Universal Load Carrier (HULC) has been developed to enable
to lift and transfer various objects. The results of testing first
prototypes on people demonstrated that metabolic energy rate
was increased among them and the gait performance has been
altered limiting the functional mobility [57]. There are also
other exoskeletons available which also help in lifting and
carrying heavy objects, they are Exo-climber which allows to
quickly go up on stairs while carrying some stuff [58], Sarcos
XOS2 is compliant and environmentally resistant, the user of
the device is even able to kick soccer with it [59]. South Korea
has also introduced its own exoskeleton called Hanyang
Exoskeleton Assistive Robot (HEXAR) (Figure 6 (a)) [60].
It has 15 DOFs and actuated using 2 electric motors.
Wearable Kawasaki robotic exoskeleton shown in
figure 6 (b) can enable users to lift objects which weigh
up to 30-40 kilograms without exerting any own muscles’
force [61].
Sensors located on board are able to detect when the sub-
ject is trying to life heavy weight and then the signals are
transferred to the motors to actuate them.
The design ofmechanism is crucial part during exoskeleton
development stage, since the latter performance will highly
depend on it. Majority of exoskeletons share similar struc-
ture even if the targeted group and the design objectives
are different. Full lower limb exoskeletons usually com-
prised of 5 and more DoFs and have rotational joints to
provide hip flexion/extension and abduction/adduction, knee
flexion/extension functions. For the insight of the systems,
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FIGURE 6. (a) HEXAR [62]. (b) Kawasaki [61].
exoskeleton developers have to choose proper actuators,
decide which sensors, what type of materials, power supply
methods should be integrated in the system based on what
exoskeleton’s designation is. The following subsections pro-
vide the description of design insights in terms of power
sources, material, sensors and actuation types for existing
exoskeletons and number of DoFs robot can provide.
A. ACTUATION TYPES
Choosing right actuation type for the exoskeleton was always
important part during the construction stage. The character-
istics of the motors in terms of weight, size and power have
always limited the robotic exoskeletons. The first difficulties
in the application of pneumatic and electric actuation has
been documented in the works by Vukobratovic [63], [64].
Improper selection of the actuation type may result in the
ineffective performance of the system. There are 3 types
of actuation systems which are spread among exoskeletons:
electric motor, hydraulic and pneumatic actuators. Each type
of actuations has its own drawbacks and benefits.
DC motors are widely used in the robotic actuation sys-
tems. DC motors are categorized into two types: brushless
DC motors and synchronous AC motors. The benefits of
electric actuators lie in their high power capacity, torque to
weight ratio, precision and the others. In addition, they are
usually more silent in comparison to pneumatic or hydraulic
ones. The feedback and response time from them is usually
short. However, because the locomotion requires relatively
high speed in the leg joint motions, the gear ratios cannot be
made high, which means that the electric motor will not be
able to provide enough torques. In the industrial or military
application when heavy lifting tasks are required to be per-
formed hydraulic actuators can come in handy.
Hydraulic actuators are able to provide large output force;
they have highest power to mass ratio which varies in
the range of 300–600 W/kg, in comparison to electric or
pneumatic actuation which usually has ratios in-between
100–200 W/kg [65]. However, hydraulic actuators require
lots of energy to be supplied from the power source. In the
case of failure of hydraulic system, the leakage of liquid can
occur, and if the operating temperature is high, the system
exploitation becomes dangerous for the end user.
The pneumatic actuators are compliant and selected due
to their light weight. As an example University of Auckland
has proposed compliant robotic orthosis which is actuated
using pneumatic muscles. The robot provides motions in the
sagittal plane allowing the hip and knee joint rotations [66].
However, as a drawback the control of pneumatic actuators is
difficult process. The usage of either pneumatic or hydraulic
actuators make exoskeletons not portable, heavy and hard to
manipulate. Besides their drawbacks, there are still number of
successful implementations of them in the system [54], [67].
HAL-3 exoskeleton, Walking Power Assist Leg (WPAL)
exoskeleton have used DC actuators to provide required
torque for knee and hip motions [40], [48].
B. SENSOR AND SENSING SYSTEM
Sensors allow us to receive the feedback from the exoskele-
ton, control it, actuate necessary and relevant movements of
specific joint in a given time. All exoskeletons presented in
this work have at least one mechanical sensor which allows
to control position, force and torque. Without sensors the
exoskeletons will not be able to assist or treat people. Modern
exoskeletons incorporate in itself different sensors such as
encoders, accelerometers, inertial measurement units (IMU),
gyroscopes, EMG, EEG, pressure and torque sensors, poten-
tiometers which allow us to measure various physical charac-
teristics such as joint angles, position, ground contact, center
of pressure, exerted force, torque and the others. For exam-
ple, muscle movements and joint angles are measured using
potentiometers, pressure sensors in EXPOS exoskeleton [68].
HAL-3 integrated in itself force sensors attached below the
foot tomeasure reaction forces and EMG to trackmuscle con-
tractions [40]. EMG sensor can also be used to recognize and
classify different limb motions such as standing, sitting and
walking, such system has been tested on assistive lower limb
exoskeleton for aged people which has four bar mechanism
and the results demonstrated high recognition accuracy [69].
C. ENERGY SOURCE
Batteries are required to supply energy to exoskeletons. If the
load on exoskeleton is high, more energy is needed to be sup-
plied from battery. Basically, functionality of the exoskeleton
is highly correlated with the capacity of source of energy.
It is straightforward that large capacity batteries usually need
more space allocation, they are heavy weight which reduces
its usage effectiveness. Majority of developed exoskeletons
use batteries to supply power to the motors.
Lithium-ion batteries enabled lots of robotic devices to
run for several hours. Sometimes the energy expenditure
can be reduced by realizing the mechanical stuff such as
springs or dampers to compensate the required forces from
the actuators. There is still much research work remaining
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on developing techniques which will allow the energy to be
exploited less and effectively.
D. TYPE OF MATERIALS
One of the important things in building the exoskeleton is the
selection of proper material. Since, later it will have an effect
on the weight, bulk and its convenient usability. The structure
of the exoskeleton should be designed such that all necessary
parts like motors, sensors and controllers can be attached
meanwhile providing ergonomic interface for the subject.
In general, it is desired to have strong, stiff and lightweight
material for the exoskeleton to allow necessary torque to be
applied in the joints. Depending on the intended purpose of
the exoskeleton material is also varied. The exoskeleton can
be hard or soft. Usually, aluminum or aluminum alloy is pre-
ferred material for the exoskeleton’s frame in hard exoskele-
tons. Titanium is better in terms of weight to strength ratio,
however the price for it is higher than aluminum. Sometimes
carbon fibers are used to create lightweight structures, but it
is more difficult to create required shape from it rather than
from metals.
Soft exoskeletons use textiles to reduce the weight and
the Bowden cables are used to transfer the power. Assistive
exoskeletons for elderly should be lightweight, not bulky,
easy to wear and should have user friendly control inter-
face, therefore it is recommended to make it soft, which
will make it comfortable to use while performing daily life
activities.
IV. CONTROL METHODS
The main purpose of control is to drive an exoskeleton along
the trajectory of the healthy person’s movement by providing
additional torque and ensuring safety of the users.
There are many variations of control systems exist nowa-
days. The control strategies vary from one exoskeleton to
another. Different control methods have been applied in the
exoskeletons. Usually, the control input signals are generated
from various sources such as EMG signals, biomechanical
systems, central nervous and peripheral nervous system sig-
nals [70]. The effectiveness of controller highly depends on
the structure of the exoskeleton.
Assist-as-needed (AAN) control methods are prevalent
paradigms used to enhance user’s involvement in the
exoskeleton using process. This method provides additional
assistive torques whenever the intention from the subject to
move the limb is detected. Moreover, it implies adaptive
strategy based on the needs of the user, such strategy are
presented in the works [71]–[73].
Trajectory tracking control is usually implemented on the
rehabilitation exoskeletons. They guide the paralyzed limbs
of patients in a predefined gait trajectory. Since the partic-
ipation of the paralyzed patient is absent, the effectiveness
and relevance of the given treatment is also questionable [74].
In order to trigger the involvement of the intended patient
into the rehabilitation process, an impedance control strategy
is executed. When there is a deviation in the trajectory the
controller compensates necessary force to help patient to get
back on track.
The intentions of the user are detected using EMG and
EEG sensors, in the AAN control mode, the robot helps to
move the limbs when the subject does not have enough force
to walk. There are many exoskeletons which integrated EMG
sensors, some of them are Exoatlet (Exoatlet), HAL [75],
KAFO [76] (Table 1). AAN based control enables the partici-
pation of user in the system. And it perfectly suits the assistive
robotic devices intended to be used by elderly people.
In the work done by Rezage and Tokhi, FUZZY PID
Control algorithm has been implemented on the exoskeleton
which was designed for supporting hip and knee motions
of elderly. The controller allowed the device to provide up
to 40% of the general torque required to complete the gait
cycle for the simulated humanoid which represented elderly
person [77]. In the work done byMiranda-Linares Fuzzy PID
controller and finite state machine have been implemented
for the lower limb exoskeleton designed for elderly assis-
tance, the controller allowed to assist during standing-up and
walking motions providing up to 30% of required torque to
complete the walking cycle [78]. Fuzzy controller has been
integrated in EXPOS exoskeleton taking as the reference
joints’ angular velocity and torque [39].
EMG based control of the power assist exoskeleton
designed for weak people has been introduced in the
work [79]. For the adaptation of EMG signals, fuzzy-neuro
control method has been implemented. The contribution of
the given work is that it took into consideration precise sub-
ject’s movement intension.
Another type of control for lower limb is implemented
based on the impedance properties [80], [81]. It can be used
as a substitute for EMG based control. EMG based control
is considered to be complex task, since it requires period-
ical recalibration of the system. The main goal of active
impedance control is to reduce the average muscle metabolic
cost.
FIGURE 7. Lower limb exoskeleton with perception-assist [82].
Perception-assist method has been integrated in the lower
limb exoskeleton (Figure 7) which helps elderly or weak
people to walk safely [82]. Controller uses EMG signals to
compute required amount of force to support thewalking. The
proposed methodology helps to prevent subjects from falls.
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Various control methods of exoskeletons are presented in
table 1. Ekso-bionics exoskeletons are worn as an assistive
device which in long-term can rehabilitate the gait perfor-
mance. It has ‘‘Variable assist’ control assistance levels which
can be configured based on the user’s preferences [83] in
table 1. ReWalk exoskeleton intended to help weak people,
people with SCI and paraplegia during walking. It has closed-
loop algorithm software control which provides different
locomotion assistancemodes to sit to stand, stand to sit, going
upstairs and downstairs activities [50] (Table 1).
In overall, lots of commercially available exoskeletons
do not provide detailed information regarding what kind of
control algorithms are applied in their systems, which makes
it difficult to analyze the efficacy of controllers, make a
comparison between them and decide which ones are bet-
ter. Descriptive analysis on which control strategies imple-
mented in exoskeletons are presented in the work done by
Yan et al. [84].
V. DISCUSSION AND FUTURE PROSPECTIVE
The aim of the present work was to provide comprehen-
sive state of the art of currently existing lower limb robotic
exoskeletons which might be used by elderly people. Besides
numerous numbers of research projects undergoing on lower
limb exoskeletons there is still much work to be done in
this promising field of science. Current developed assistive
exoskeletons are expensive, heavy and bulky which makes it
inconvenient to be used during daily life activities by elderly
people. There are some projects of lightweight soft exosuits
undergoing research stage, one such concept called Super-
flex. It can be worn with usual clothes and can assist elderly
during walking, sitting and standing activities.
With the rapid increase in the population of elderly
around the world, the realization and development of assis-
tive robotic tools should be able to reduce the burden on
human labor assistance and healthcare sector in general.
Therefore, the focus should be made more on elaboration of
assistive robot-based solutions which will allow free loco-
motion for ageing people. Assistive devices can effectively
increase the mobility among aged people. There is also
another type of robotic powered exoskeletons which allows to
increase physical capabilities of a person. Strength augmen-
tation exoskeletons are tangentially connected with assistive
devices for elderly persons, since people become weak and
additional or compensational torque is required for them to
perform desired physical actions. Power increasing exoskele-
tons demonstrated to have high efficacy in enabling people
lifting objects without putting in pressure their musculoskele-
tal structure and reducing metabolic cost.
Exoskeleton which increases physical capabilities can
serve as a useful tool for elderly because the strength among
them is usually diminished. Assistive exoskeletons support
limbs’ movements in a predefined trajectory by providing
necessary torque in the specified joint. The work has also
discussed and described the technological insight among
these assistive devices. Specifically, technological aspects
and design in terms of type of sensors, actuation meth-
ods, type of materials and power supply integrated on those
exoskeletons are discussed. Moreover, the control strategies
implied on these devices is also described. Usually, the tar-
geted groups in the developed exoskeletons are multipur-
pose, which are used both for assisting and rehabilitation,
therefore the lack of focus might lead to severe side effects,
for example inappropriate usage of exoskeleton on a wrong
target group might lead to injuring someone or worsen the
progress made in the gait performance. It is still possible to
apply some type of exoskeletons for elderly people whichwill
assist them in their daily life activities, aiming at improving
their life quality, however the potential effectiveness and
drawbacks of usage of these exoskeletons among elderly
was not researched properly. The technical characteristics
requirements of exoskeletons for elderly will be different
from people suffering from neurological disorders or people
injured due to accidents. Therefore, the elderly group should
be treated as a separate population.
The exoskeleton development should include studying
common problems of what kind of sensory motor functions
are impaired among ageing group of people. But still for
the improvement of the currently existing exoskeletons for
elderly from the technical perspective, more concentration
is required in choosing proper actuators, sensors, type of
materials, mechanism design, type of human robot interface,
and the others, moreover existing exoskeletons are very bulky
to be used in the daily activities, rather than that, it is better if
robotic assistive system will come in a form of exosuit or soft
exoskeleton which will be similar to clothes, taking less time
and efforts to wear and take it off. Portability and assistance
efficacy of powered exoskeletons should be improved. Each
type of actuation has its own benefits and drawbacks. Electric
motors are considered to be precise and easy to manipulate,
however, their drawbacks lie in high price, heavy weight and
not enough power. Pneumatic air muscle actuators are com-
pliant, have high power to torque ratio, but their manipulation
is challengeable thing, since exploitation of pneumatic mus-
cles can give many errors, precision is suffered. Moreover,
the level of assistance needed for the elderly person should be
adjustable, so that every person can select proper assistance
program based on what he needs.
The area of developing and constructing wearable robot
based assistive solutions for elderly is becoming very
demanding with the exponential increase in the elderly pop-
ulation around the world. From the economic and social
perspectives, it is crucial for the government to have more
people who can work. Future investments of governments or
companies around the world should be made on developing
robotic solutions to help elderly sustain good quality of life.
Undoubtedly, it will have its own benefits in the financial and
social spheres.
REFERENCES
[1] M. Vukobratovic, Legged Locomotion Robots and Anthropomorphic
Mechanisms. Belgrade, Serbia: Research Monograph, 1975.
VOLUME 7, 2019 95083
A. Kapsalyamov et al.: State-of-the-Art Lower Limb Robotic Exoskeletons for Elderly Assistance
[2] A. M. V. Coimbra, N. A. Ricci, I. B. Coimbra, and L. T. L. Costallat, ‘‘Falls
in the elderly of the family health program,’’ Arch. Gerontol. Geriatrics,
vol. 51, no. 3, pp. 317–322, 2010.
[3] L. J. Melton, ‘‘Epidemiology of hip fractures: Implications of the exponen-
tial increase with age,’’ Bone, vol. 18, pp. 121S–125S, Mar. 1996.
[4] H. S. Kaye, T. Kang, andM. P. Laplante, ‘‘Mobility device use in theUnited
States,’’ Nat. Inst. Disab. Rehabil. Res., U.S. Dept. Educ., Washington,
DC, USA, Disab. Statist. Rep. 14, 2000.
[5] D. Paterson, D. Govindasamy, M. Vidmar, D. A. Cunningham, and
J. J. Koval, ‘‘Longitudinal study of determinants of dependence in
an elderly population,’’ J. Amer. Geriatrics Soc., vol. 52, no. 10,
pp. 1632–1638, 2004.
[6] D. A. Winter, ‘‘Human balance and posture control during standing and
walking,’’ Gait Posture, vol. 3, no. 4, pp. 193–214, 1995.
[7] K. C. Moylan and E. F. Binder, ‘‘Falls in older adults: Risk assessment,
management and prevention,’’ Amer. J. Med., vol. 120, pp. 493.e1–493.e6,
Jun. 2007.
[8] Centers for Disease Control and Prevention, National Center for Injury
Prevention and Control, Web-based Injury Statist. Query Reporting Syst.,
Atlanta, GA, USA. Accessed: May 20, 2019.
[9] S. R. Lord and C. Sherrington, Falls in Older People: Risk Factors and
Strategies for Prevention, vol. 9. London, U.K.: Injury Prevention, 2001.
[10] B. S. Rupal, S. Rafique, A. Singla, E. Singla, M. Isaksson, and G. S. Virk,
‘‘Lower-limb exoskeletons: Research trends and regulatory guidelines in
medical and non-medical applications,’’ Int. J. Adv. Robotic Syst., vol. 14,
no. 6, pp. 1–27, 2017.
[11] A. J. Young and D. P. Ferris, ‘‘State of the art and future directions for
lower limb robotic exoskeletons,’’ IEEE Trans. Neural Syst. Rehabil. Eng.,
vol. 25, no. 3, pp. 171–182, Feb. 2017.
[12] B. Chen, H. Ma, L.-Y. Qin, F. Gao, K.-M. Chan, S.-W. Law, L. Qin,
and W.-H. Liao, ‘‘Recent developments and challenges of lower extremity
exoskeletons,’’ J. Orthopaedic Transl., vol. 5, pp. 26–37, Apr. 2016.
[13] F. A. Panizzolo, S. Lee, T. Miyatake, D. M. Rossi, C. Siviy, J. Speeckaert,
I. Galiana, and C. J. Walsh, ‘‘Lower limb biomechanical analysis during
an unanticipated step on a bump reveals specific adaptations of walking on
uneven terrains,’’ J. Exp. Biol., vol. 220, no. 22, pp. 4169–4176, 2017.
[14] H. Yali andW.Xingsong, ‘‘Biomechanics study of human lower limbwalk-
ing: Implication for design of power-assisted robot,’’ in Proc. IEEE/RSJ
Int. Conf. Intell. Robots Syst., Oct. 2010, pp. 3398–3403.
[15] H. Jiang and Y. Luo, ‘‘Biological modeling and simulations of human
lower limb joint system,’’ in Proc. Int. Conf. Comput. Inf. Sci., 2010,
pp. 81–84.
[16] J.-Y. Jung, H. Park, H.-D. Yang, and M. Chae, ‘‘Brief biomechanical
analysis on the walking of spinal cord injury patients with a lower limb
exoskeleton robot,’’ in Proc. IEEE Int. Conf. Rehabil. Robot., Jun. 2013,
pp. 1–5.
[17] OpenStax. (2016). Anatomy & Physiology OpenStax CNX.
[Online]. Available: http://cnx.org/contents/14fb4ad7-39a1-4eee-ab6e-
3ef2482e3e22@8.24
[18] J. M. Guralnik, L. Ferrucci, E. M. Simonsick, M. E. Salive, and
R. B. Wallace, ‘‘Lower-extremity function in persons over the age of
70 years as a predictor of subsequent disability,’’ New England J. Med.,
vol. 332, no. 9, pp. 556–562, 1995.
[19] T. Rantanen, J. M. Guralnik, L. Ferrucci, B. W. J. H. Penninx, S. Leveille,
S. Sipilä, and L. P. Fried, ‘‘Coimpairments as predictors of severe walk-
ing disability in older women,’’ J. Amer. Geriatrics Soc., vol. 49, no. 1,
pp. 21–27, 2001.
[20] J. M. Hausdorff, H. K. Edelberg, S. L. Mitchell, A. L. Goldberger, and
J. Y. Wei, ‘‘Increased gait unsteadiness in community-dwelling elderly
fallers,’’ Arch. Phys. Med. Rehabil., vol. 78, pp. 278–283, Mar. 1997.
[21] H. Zhou, D.-M.Wang, T.-R. Liu, X.-S. Zeng, andC.-T.Wang, ‘‘Kinematics
of hip, knee, ankle of the young and elderly Chinese people during kneeling
activity,’’ J. Zhejiang Univ. B, vol. 13, pp. 831–838, Oct. 2012.
[22] D. A. Winter, A. E. Patla, J. S. Frank, and S. E Walt, ‘‘Biomechanical
walking pattern changes in the fit and healthy elderly,’’ Phys. Therapy,
vol. 70, no. 3, pp. 340–347, 1990.
[23] L. Jin and M. E. Hahn, ‘‘Comparison of lower extremity joint mechanics
between healthy active young and middle age people in walking and
running gait,’’ Sci. Rep., vol. 9, no. 1, 2019, Art. no. 5568.
[24] A. Ortlieb, M. Bouri, and H. Bleuler, ‘‘AUTONOMYO: Design challenges
of lower limb assistive device for elderly people, multiple sclerosis and
neuromuscular diseases,’’ Wearable Robotics: Challenges and Trends.
Cham, Switzerland: Springer, 2016, pp. 439–443.
[25] C. Di Natali, T. Poliero, M. Sposito, E. Graf, C. Bauer, C. Pauli,
E. Bottenberg, A. De Eyto, L. O’Sullivan, A. F. Hidalgo, D. Scherly,
K. S. Stadler, D. G. Caldwell, and J. Ortiz, ‘‘Design and evaluation of
a soft assistive lower limb exoskeleton,’’ Robotica, to be published. doi:
10.1017/S0263574719000067.
[26] Y. He, N. Li, C.Wang, L.-Q. Xia, X. Yong, andX.-Y.Wu, ‘‘Development of
a novel autonomous lower extremity exoskeleton robot for walking assis-
tance,’’ Frontiers Inf. Technol. Electron. Eng., vol. 20, no. 3, pp. 318–329,
2019.
[27] O. Baser, H. Kizilhan, and E. Kilic, ‘‘Biomimetic compliant lower limb
exoskeleton (BioComEx) and its experimental evaluation,’’ J. Brazilian
Soc. Mech. Sci. Eng., vol. 41, p. 226, May 2019.
[28] A. Ortlieb, M. Bouri, R. Baud, and H. Bleuler, ‘‘An assistive lower limb
exoskeleton for people with neurological gait disorders,’’ inProc. Int. Conf.
Rehabil. Robot. (ICORR), 2017, pp. 441–446.
[29] A. Tsukahara, R. Kawanishi, Y. Hasegawa, and Y. Sankai, ‘‘Sit-to-stand
and stand-to-sit transfer support for complete paraplegic patients with robot
suit HAL,’’ Adv. Robot., vol. 24, no. 11, pp. 1615–1638, 2010.
[30] A. Esquenazi,M. Talaty, A. Packel, andM. Saulino, ‘‘TheReWalk powered
exoskeleton to restore ambulatory function to individuals with thoracic-
level motor-complete spinal cord injury,’’ Amer. J. Phys. Med. Reha-
bil./Assoc. Academic Physiatrists, vol. 91, pp. 911–921, Nov. 2012.
[31] Ageing Well in the Digital World. Accessed Jun. 7, 2019. [Online]. Avail-
able: http://www.aal-europe.eu/projects/exo-legs/
[32] U. Haider, I. Nyoman, C. Kim, N. Masud, G. S. Virk, and J. L. Coronado,
‘‘Modular EXO-LEGS for mobility of elderly persons,’’ in Proc. 19th Int.
Conf. CLAWAR, 2016, pp. 851–859.
[33] D. Furness. (2017). Superflex’s Powered Clothing is Designed to Give
the Elderly their Strength Back. Digital Trends/Emerging Technologies.
[Online]. Available: https://www.digitaltrends.com/
[34] O. Behr, ‘‘Fashion 4.0—Digital innovation in the fashion industry,’’
J. Technol. Innov. Manage., vol. 2, no. 3, pp. 1–9, 2018.
[35] Superflex Aura Powered Suit. Accessed: Jun. 10, 2019. [Online].
Available: https://fuseproject.com/work/superflex/aura-powered-suit/?
focus=product
[36] F. Giovacchini, F. Vannetti, M. Fantozzi, M. Cempini, M. Cortese, A. Parri,
T. Yan, D. Lefeber, and N. Vitiello, ‘‘A light-weight active orthosis for
hip movement assistance,’’ Robot. Auton. Syst., vol. 73, pp. 123–134,
Nov. 2015.
[37] D. F. N. Gordon, D. Henderson, and S. Vijayakumar, ‘‘Effectively quanti-
fying the performance of lower-limb exoskeletons over a range of walking
conditions,’’ Frontiers Robot. AI, vol. 5, p. 61, 2018.
[38] N. D’Elia, F. Vanetti, M. Cempini, G. Pasquini, A. Parri, M. Rabuffetti,
M. Ferrarin, R. M. Lova, and N. Vitiello, ‘‘Physical human-robot interac-
tion of an active pelvis orthosis: Toward ergonomic assessment of wearable
robots,’’ J. Neuroeng. Rehabil., vol. 14, p. 29, Apr. 2017.
[39] K. Kong and D. Jeon, ‘‘Design and control of an exoskeleton for the
elderly and patients,’’ IEEE/ASME Trans. Mechatronics, vol. 11, no. 4,
pp. 428–432, Aug. 2006.
[40] H. Kawamoto and Y. Sankai, ‘‘Power assist system HAL-3 for gait dis-
order person,’’ Computers Helping People with Special Needs (Lecture
Notes in Computer Science), vol. 2398. Berlin, Germany: Springer, 2002,
pp. 196–203.
[41] T. Ikehara, K. Nagamura, T. Ushida, E. Tanaka, S. Saegusa, S. Kojima, and
L. Yuge, ‘‘Development of closed-fitting-type walking assistance device
for legs and evaluation of muscle activity,’’ in Proc. IEEE Int. Conf.
Rehabil. Robot., Jun./Jul. 2011, pp. 1–7.
[42] M. Aach, R. Meindl, T. Hayashi, I. Lange, J. Geßmann, A. Sander,
V. Nicolas, P. Schwenkreis, M. Tegenthoff, Y. Sankai, and
T. A. Schildhauer, ‘‘Exoskeletal neuro-rehabilitation in chronic paraplegic
patients—Initial results,’’ Converging Clinical and Engineering Research
on Neurorehabilitation (Biosystems & Biorobotics). Berlin, Germany:
Springer, 2013, pp. 233–236.
[43] M. Aach, O. Cruciger, M. Sczesny-Kaiser, O. Höffken, R. C. Meindl,
M. Tegenthoff, P. Schwenkreis, Y. Sankai, and T. A. Schildhauer, ‘‘Vol-
untary driven exoskeleton as a new tool for rehabilitation in chronic spinal
cord injury: A pilot study,’’ Spine J., vol. 14, pp. 2847–2853, Dec. 2014.
[44] M. Sczesny-Kaiser, O. Höffken, S. Lissek, M. Lenz, L. Schlaffke,
V. Nicolas, R. Meindl, M. Aach, Y. Sankai, T. A. Schildhauer,
M. Tegenthoff, and P. Schwenkreis, ‘‘Neurorehabilitation in chronic para-
plegic patients with the HAL exoskeleton—Preliminary electrophysiolog-
ical and fMRI data of a pilot study,’’ Converging Clinical and Engineering
Research on Neurorehabilitation (Biosystems & Biorobotics). Berlin,
Germany: Springer, 2013, pp. 611–615.
95084 VOLUME 7, 2019
A. Kapsalyamov et al.: State-of-the-Art Lower Limb Robotic Exoskeletons for Elderly Assistance
[45] S. Maeshima, A. Osawa, D. Nishio, Y. Hirano, K. Takeda, H. Kigawa, and
Y. Sankai, ‘‘Efficacy of a hybrid assistive limb in post-stroke hemiplegic
patients: A preliminary report,’’ BMC Neurol., vol. 11, p. 116, Sep. 2011.
[46] A. Nilsson, K. S. Vreede, V. Häglund, H. Kawamoto, Y. Sankai, and
J. Borg, ‘‘Gait training early after stroke with a new exoskeleton—The
hybrid assistive limb: A study of safety and feasibility,’’ J. Neuroeng.
Rehabil., vol. 11, p. 92, Jun. 2014.
[47] T. Nakamura, K. Saito, Z. Wang, and K. Kosuge, ‘‘Realizing model-
basedwearable antigravitymuscles support with dynamics terms,’’ inProc.
IEEE/RSJ Int. Conf. Intell. Robots Syst. (IROS), Aug. 2005, pp. 2694–2699.
[48] F. Chen, Y. Yu, Y. Ge, and Y. Fang, ‘‘WPAL for human power assist during
walking using dynamic equation,’’ inProc. Int. Conf.Mechatron. Automat.,
vol. 103, 2009, pp. 1039–1043.
[49] S. Tanabe, E. Saitoh, S. Hirano, M. Katoh, T. Takemitsu, A. Uno,
Y. Shimizu, Y. Muraoka, and T. Suzuki, ‘‘Design of the wearable power-
assist locomotor (WPAL) for paraplegic gait reconstruction,’’Disab. Reha-
bil., Assistive Technol., vol. 8, no. 3, pp. 84–91, 2013.
[50] G. Zeilig, H. Weingarden, M. Zwecker, I. Dudkiewicz, A. Bloch, and
A. Esquenazi, ‘‘Safety and tolerance of the ReWalk exoskeleton suit for
ambulation by people with complete spinal cord injury: A pilot study,’’
J. Spinal Cord Med., vol. 35, no. 3, pp. 96–101, 2012.
[51] ReWalk. Accessed: Jun. 7, 2019. [Online]. Available: https://rewalk.
com/
[52] D. B. Fineberg, P. Asselin, N. Y. Harel, I. Agranova-Breyter,
S. D. Kornfeld, W. A. Bauman, and A. M. Spungen, ‘‘Vertical ground
reaction force-based analysis of powered exoskeleton-assisted walking in
persons with motor-complete paraplegia,’’ J. Spinal Cord Med., vol. 36,
no. 3, pp. 313–321, 2013.
[53] E. Garcia, J. M. Sater, and J. Main, ‘‘Exoskeletons for human performance
augmentation (EHPA): A mary,’’ J. Robot. Soc. Jpn., vol. 20, no. 8,
pp. 822–826, 2002.
[54] A. B. Zoss, H. Kazerooni, and A. Chu, ‘‘Biomechanical design of the
Berkeley lower extremity exoskeleton (BLEEX),’’ IEEE/ASME Trans.
Mechatronics, vol. 11, no. 2, pp. 128–138, Apr. 2006.
[55] E. Guizzo and H. Goldstein, ‘‘The rise of the body bots,’’ IEEE Spectr.,
vol. 42, no. 10, pp. 50–56, Oct. 2005.
[56] J. Pransky, ‘‘The pransky interview: Russ Angold, co-founder and presi-
dent of Ekso labs,’’ Ind. Robot, Int. J., vol. 41, no. 4, pp. 329–334, 2014.
[57] J. Schiffman, K. N. Gregorczyk, C. K. Bensel, L. Hasselquist, and
J. P. Obusek, ‘‘The effects of a lower body exoskeleton load carriage
assistive device on limits of stability and postural sway,’’ Ergonomics,
vol. 51, pp. 1515–1529, Sep. 2008.
[58] Berkeley Robotics & Human Engineering Laboratory. Accessed:
Jun. 7, 2019. [Online]. Available: https://bleex.me.berkeley.edu/research/
exoskeleton/exoclimber/
[59] S. Karlin, ‘‘Raytheon Sarcos’s exoskeleton nears production,’’ IEEE
Spectr., Jul. 2011.
[60] S. N. Yu, H. D. Lee, S. H. Lee, W. S. Kim, J. S. Han, and C. S. Han,
‘‘Design of an under-actuated exoskeleton system for walking assist while
load carrying,’’ Adv. Robot., vol. 25, pp. 561–580, Apr. 2012.
[61] J. V. Camp. (2011). Need to Lift Something? Try Wearing a Kawasaki
Robotic Exoskeleton. Digital Trends/Emerging Technologies. [Online].
Available: https://www.digitaltrends.com/
[62] W. Kim, H. Lee, D. Kim, J. Han, and C. Han, ‘‘Mechanical design of the
Hanyang exoskeleton assistive robot(HEXAR),’’ in Proc. 14th Int. Conf.
Control, Automat. Syst. (ICCAS), 2014, pp. 479–484.
[63] M. Vukobratović, D. Hristić, and Z. Stojiljković, ‘‘Development of
active anthropomorphic exoskeletons,’’ Med. Biol. Eng., vol. 12, no. 1,
pp. 66–80, 1974.
[64] M. Vukobratovic, Biped Locomotion. Berlin, Germany: Springer-Verlag,
1990, pp. 181–315.
[65] J. M. Hollerbach, I. W. Hunter, and J. Ballantyne, ‘‘A comparative analysis
of actuator technologies for robotics,’’ The Robotics Review 2. Cambridge,
MA, USA: MIT Press, 1992, pp. 299–342.
[66] S. Hussain, S. Q. Xie, P. K. Jamwal, and J. Parsons, ‘‘An intrinsically
compliant robotic orthosis for treadmill training,’’Med. Eng. Phys., vol. 34,
no. 3, pp. 1448–1453, 2012.
[67] D. Ferris, K. E. Gordon, G. S. Sawicki, and A. Peethambaran,
‘‘An improved powered ankle–foot orthosis using proportional myoelectric
control,’’ Gait Posture, vol. 23, pp. 425–428, Jun. 2006.
[68] Y. W. Hong, Y.-J. King, W.-H. Yeo, C.-H. Ting, Y.-D. Chuah, J.-V. Lee,
and E.-T. Chok, ‘‘Lower extremity exoskeleton: Review and challenges
surrounding the technology and its role in rehabilitation of lower limbs,’’
Austral. J. Basic Appl. Sci., vol. 7, no. 7, pp. 520–524, 2013.
[69] O. Karantarat and Y. Kitjaidure, ‘‘The walking assistance system using
the lower limb exoskeleton suit commanded by backpropagation neural
network,’’ in Proc. 11th Biomed. Eng. Int. Conf. (BMEiCON), 2018,
pp. 1–5.
[70] H. A. Varol andM.Goldfarb, ‘‘Decomposition-based control for a powered
knee and ankle transfemoral prosthesis,’’ in Proc. IEEE 10th Int. Conf.
Rehabil. Robot., Noordwijk, The Netherlands, Jun. 2007, pp. 783–789.
[71] L. Marchal-Crespo and D. J. Reinkensmeyer, ‘‘Review of control strate-
gies for robotic movement training after neurologic injury,’’ J. Neuroeng.
Rehabil., vol. 6, p. 20, Jun. 2009.
[72] N. Hogan and H. I. Krebs, ‘‘Interactive robots for neuro-rehabilitation,’’
Restorative Neurol. Neurosci., vol. 22, no. 3, pp. 349–358, 2004.
[73] E. T. Wolbrecht, V. Chan, D. J. Reinkensmeyer, and J. E. Bobrow, ‘‘Opti-
mizing compliant, model-based robotic assistance to promote neurore-
habilitation,’’ IEEE Trans. Neural Syst. Rehabil. Eng., vol. 16, no. 3,
pp. 286–297, Jun. 2008.
[74] M. Lotze, C. Braun, N. Birbaumer, S. Anders, and L. G. Cohen, ‘‘Motor
learning elicited by voluntary drive,’’ Brain, vol. 126, no. 4, pp. 72–866,
2003.
[75] Y. Sankai, ‘‘HAL: Hybrid assistive limb based on cybernics,’’ Robotics
Research (Springer Tracts in Advanced Robotics), vol. 66, no. 3. Berlin,
Germany: Springer, 2007, pp. 25–34.
[76] G. S Sawicki and D. P. Ferris, ‘‘A pneumatically powered knee-ankle-foot
orthosis (KAFO) with myoelectric activation and inhibition,’’ J. NeuroEng.
Rehabil., vol. 6, p. 23, Jun. 2009.
[77] G. Al Rezage andM.O. Tokhi, ‘‘Fuzzy PID control of lower limb exoskele-
ton for elderly mobility,’’ in Proc. IEEE Int. Conf. Automat., Qual. Test.,
Robot. (AQTR), May 2016, pp. 1–6.
[78] D. Miranda-Linares, G. Alrezage, and M. O. Tokhi, ‘‘Control of lower
limb exoskeleton for elderly assistance on basic mobility tasks,’’ in Proc.
19th Int. Conf. Syst. Theory, Control Comput. (ICSTCC), Oct. 2015,
pp. 441–446.
[79] H. He and K. Kiguchi, ‘‘A study on EMG-based control of exoskeleton
robots for human lower-limb motion assist,’’ in Proc. 6th Int. Special Topic
Conf. Inf. Technol. Appl. Biomed., Nov. 2007, pp. 292–295.
[80] G. Aguirre-Ollinger, J. E. Colgate, M. A. Peshkin, and A. Goswami,
‘‘Active-impedance control of a lower-limb assistive exoskeleton,’’ inProc.
IEEE 10th Int. Conf. Rehabil. Robot. (ICORR), Jun. 2007, pp. 188–195.
[81] K. W. Hollander and T. G. Sugar, ‘‘A robust control concept for robotic
ankle gait assistance,’’ in Proc. IEEE 10th Int. Conf. Rehabil. Robot.,
Noordwijk, The Netherlands, Jun. 2007, pp. 119–123.
[82] Y. Hayashi and K. Kiguchi, ‘‘A lower-limb power-assist robot with
perception-assist,’’ in Proc. IEEE Int. Conf. Rehabil. Robot. ETH Zürich
Science City: Zürich, Switzerland, 2011, pp. 1–6.
[83] S. A. Kolakowsky-Hayner, J. Crew, S. Moran, and A. Shah, ‘‘Safety and
feasibility of using the EksoTM bionic exoskeleton to aid ambulation after
spinal cord injury,’’ J. Spine, vol. 4, no. 3, pp. 1–8, 2013.
[84] T. Yan, M. Cempini, C. M. Oddo, and N. Vitiello, ‘‘Review of assistive
strategies in powered lower-limb orthoses and exoskeletons,’’ Robot. Auto.
Syst., vol. 64, pp. 120–136, Feb. 2015.
[85] M. Juszczak, E. Gallo, and T. Bushnik, ‘‘Examining the effects of a pow-
ered exoskeleton on quality of life and secondary impairments in people
living with spinal cord injury,’’ Topics Spinal Cord Injury Rehabil., vol. 24,
no. 3, pp. 336–342, 2018.
[86] J. L. Contreras-Vidal and R. G. Grossman, ‘‘NeuroRex: A clinical neural
interface roadmap for eeg-based brain machine interfaces to a lower body
robotic exoskeleton,’’ in Proc. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.
(EMBC), Jul. 2013, pp. 1579–1582.
[87] T. Gurriet, S. Finet, G. Boeris, A. Duburcq, A. Hereid, O. Harib,
M. Masselin, J. Grizzle, and A. D. Ames, ‘‘Towards restoring locomo-
tion for paraplegics: Realizing dynamically stable walking on exoskele-
tons,’’ in Proc. IEEE Int. Conf. Robot. Automat. (ICRA), Brisbane, QLD,
Australia, May 2018, pp. 2804–2811.
[88] ExoAtlet. Accessed: May 16, 2019. [Online]. Available:
https://exoskeletonreport.com/product/exoatlet/
[89] R. J. Farris, H. A. Quintero, S. A. Murray, K. H. Ha, C. Hartigan, and
M. Goldfarb, ‘‘A preliminary assessment of legged mobility provided by a
lower limb exoskeleton for persons with paraplegia,’’ IEEE Trans. Neural
Syst. Rehabil. Eng., vol. 22, no. 3, pp. 482–490, May 2014.
[90] B. Chen, C.-H. Zhong, X. Zhao, H. Ma, X. Guan, X. Li, F.-Y. Liang,
J. C. Y. Cheng, L. Qin, S.-W. Law, and W.-H. Liao, ‘‘A wearable exoskele-
ton suit for motion assistance to paralysed patients,’’ J. Orthopaedic
Transl., vol. 11, pp. 7–18, Oct. 2017.
VOLUME 7, 2019 95085
A. Kapsalyamov et al.: State-of-the-Art Lower Limb Robotic Exoskeletons for Elderly Assistance
[91] S. Wang, L. Wang, C. Meijneke, E. van Asseldonk, T. Hoellinger,
G. Cheron, Y. Ivanenko, V. La Scaleia, F. Sylos-Labini, M. Molinari,
F. Tamburella, I. Pisotta, F. Thorsteinsson, M. Ilzkovitz, J. Gancet,
Y. Nevatia, R. Hauffe, F. Zanow, and H. van der Kooij, ‘‘Design and control
of the MINDWALKER exoskeleton,’’ IEEE Trans. Neural Syst. Rehabil.
Eng., vol. 23, no. 3, pp. 277–286, Mar. 2015.
[92] Y. Saito, K. Kikuchi, H. Negoto, T. Oshima, and T. Haneyoshi, ‘‘Devel-
opment of externally powered lower limb orthosis with bilateral-servo
actuator,’’ in Proc. 9th Int. Conf. Rehabil. Robot. (ICORR), Jun./Jul. 2005,
pp. 394–399.
[93] M. R. Tucker, C. Shirota, O. Lambercy, J. S. Sulzer, and R. Gassert,
‘‘Design and characterization of an exoskeleton for perturbing the knee
during gait,’’ IEEE Trans. Biomed. Eng., vol. 64, no. 10, pp. 2331–2343,
Oct. 2017.
[94] B. N. Fournier, E. D. Lemaire, A. J. J. Smith, and M. Doumit, ‘‘Modeling
and simulation of a lower extremity powered exoskeleton,’’ IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 26, no. 8, pp. 1596–1603, Aug. 2018.
AKIM KAPSALYAMOV received the M.E. degree
in industrial engineering from Tsinghua Univer-
sity, China, in 2018, and the B.Sc. degree in
robotics and mechatronics from Nazarbayev Uni-
versity, Astana, Kazakhstan, in 2015, where he is
currently a Research Assistant with the School of
Engineering. His research interests include robotic
mechanisms and mechatronics.
PRASHANT K. JAMWAL (M’15) received the
master’s degree from IIT Roorkee, India, and the
Ph.D. degree from The University of Auckland,
Auckland, New Zealand. He is currently an
Associate Professor with Nazarbayev Univer-
sity, Astana, Kazakhstan. His research interests
include artificial intelligence, fuzzy mathematics
and its applications, smart sensors and actuators,
bio-mechatronics, biomedical robotics, evolution-
ary algorithms, and multi-objective optimization.
He has more than 20 years of teaching and research experience in mecha-
tronics, medical robotics, and advanced manufacturing technologies. He is
an Associate Editor of the International Journal of Biomechatronics and
Robotics and a Reviewer of many international journals and conferences.
SHAHID HUSSAIN received the B.Sc. degree
(Hons.) in mechatronics and control engineering
from the University of Engineering and Technol-
ogy Lahore, Lahore, Pakistan, in 2007, and the
M.E. and Ph.D. degrees in mechanical engineer-
ing from The University of Auckland, Auckland,
New Zealand, in 2009 and 2013, respectively.
He is currently an Assistant Professor with the
University of Canberra, Canberra, Australia. His
research interests include robot-assisted rehabili-
tation, compliant actuation and optimization of robots, human–robot inter-
action, biomechanical modeling of musculoskeletal systems, and nonlinear
control of dynamic systems.
MERGEN H. GHAYESH received the Ph.D.
degree in mechanical engineering from the
Department of Mechanical Engineering, McGill
University, Montreal, QC, Canada, in 2013. He is
currently an Assistant Professor with The Univer-
sity of Adelaide, Adelaide, Australia. His research
interests include machine dynamics and mecha-
nisms, system dynamics and control, dynamics of
micro/nano-electromechanical systems, motion-
based energy harvesters, flow-induced dynamics,
and dynamical behavior of biomechanical organs. He has published more
than 190 refereed journal papers in his areas of research. He is an Associate
Editor of the International Journal of Dynamics and Control and serves as
an Editorial Board Member of numerous international journals in his fields
of research.
95086 VOLUME 7, 2019
